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intratesticular testosterone; Leydig cells; cellular-stress genes THERE IS seemingly contradictory evidence on effects of spaceflight or microgravity on testicular function in mammals.
Although a slight decrease in number of spermatogonia per cross section of seminiferous tubule in testes from rats flown for 7 days on Spacelab 3 or 13 days on COSMOS 1887 were reported (23, 28), Serova et al.
(29) concluded that spermatogenesis was not affectedin rats flown 7 or 13 days on COSMOS 1667 or COSMOS 1887. Serum concentrations of testosterone were low in rats after return from spaceflight (11),indicating that endocrine function of the testes might be altered by stressfactorsassociated with spaceflightor effectsof microgravity.The reasons for abnormalities of the endocrine and possibly the exocrine (spermatogenic) functions of the testesassociatedwith spaceflight, at leastin rats,are unknown but could be relatedto altered function of the hypothalamus or adenohypophysis (9),altered fluiddistribution in the body (22),and/or restricted blood and lymph flow within the testis.
Startingwith the assumption that stress factorsassociatedwith spaceflight, or effectsof microgravity per se, represent simply a unique set of environmental toxins, we used approaches of reproductive toxicologyand cellularand molecular biology to evaluate testicularfunction in ratsfrom COSMOS 2044. Sensitivemethods forquantification ofalterationsoftesticular functionby enumeration of germ cells,morphometric analyses, and techniques of cellular endocrinology have proven to be invaluable in identifying reproductive toxins (1) (2) (3) 17) . As andersta_ding of th_ genet;.c regulation of testicul._r function evolved, it became evident that eukaryotic organisms synthesize a subset of gene products in response to environmental stress; these have been termed cellular-stress or heat-shock proteins. Some members of this gene family also are expressed at specific points during spermatogenesis in mammals (33), and their expression is associated with specific germ cell types (34, 35). Thus expression of these genes provides molecular markers that can indicate normal spermatogenesis or can reveal whether a testis is responding to an altered environment (16) .
METHODS

Animals and Tissue Collection
Details of the history, age, and body weight of the rats; assignment to four treatment groups (flight, simulated launch, vivarium, and caudal elevation); animal care before and during the experiment; conditions of simulated or actual launch, flight, and reentry; and timing of tissue sampling relative to reentry are presented elsewhere (10) . Briefly, flight rats were flown on an unmanned COSMOS satellite for 14 days, and tissues were sampled for analysis 11 h after return to earth. Simulated launch rats were subjected to vibrational and g-force stress but not microgravity. Additional control rats were subjected to caudal elevation (6, 13, 30) to Unwmght the hind limbs and simulate effects of thoracic pooling of body fluids. All rats were adult males of Czechoslovakian origi_ For each of five rats (mrs 6-10) in the four groups, each testis was separated from its epididymis_; both organs were trimmed free of extraneous tissue and weighed. The right testis was cut into three pieces; a central portion was placed into a container and immersed in liquid nitrogen (-196°C), and the two poles (ea,'h _p_senting _-0.25 of the testicular length) were immersed into fixative at 4°C. The epididymis also was immersed in fixative. The fixative was Triple Fix (24), which contained 1% (wt/vol) paraformaldehyde, 3% (vol/vol) glutaraldehyde, 88 mM sucrose, and 2.5 mM difluorodinitrobenzene in 0.1 M sodium cacodylate buffer.
Frozen tissues remained in liquid nitrogen or on solid CO_, and fixed tissues in 4°C fixative, until receipt at Colorado State University. There, frozen tissue was aliquoted, while at -79°C, for shipment at -79°C to Dr. Deaver for enumeration of homogenization-resistant spermatids and quantification of testosterone and luteinizing hormone receptors and to Dr. Wolgemuth for measurement of expression of cellular-stress genes. Fixed tissue also was divide& the poles of a testis were randomly designated as A or B, and the outer portion of each pole was sliced offand shipped to Dr. Zirkin in 0.1 M cacodylate buffer, at 4°C, for morphometric analysis of Leydig cells. The inner portion of each testicular pole was retained by Dr. Amann for subjective and objective evaluations of spermatogenesis and measurement ofseminiferous tubule diameter; this tissue later was shared with Dr. Sapp. To enable deductions concerning onset of alterations in the seminiferous epithelium, we examined epididymal tissue microscopically to estimate the number of sloughed immature germ cells present among the spermatozoa.
Spermatogenesis
Histological evaluations. Thin slices of fixed tissue were rinsed in 0.1 M cacodylate buffer, immersed 1 h in OsO4 [1% (wt/vol) in 0.1 M cacodylate buffer], rinsed in buffer, dehydrated through graded ethanols, and embedded in a mixture of Araldite and PolyBed-812 (hl.64 by wt). For two to four blocks per testis pole, 4 × 6-ram sections were cut at 0.8 gm, collected on glass slides, and stained with toluidine blue. Each slide was coded with a number that precluded identification of treatment or end of the testis by observers making subjective or morphometric evaluations. Epididymal tissue was similarly processed. By the use of light microscopy, testicular tissue was subjectively evaluated, independently, by two individuals (RPA and DNR V) expert in spermatogenesis and pathophysiology, for normalcy of both the seminiferous epithelium and the interstitial tissue. Diameters of 25 essentially round cross sections through seminiferous tubules and their lumina were measured for each of two to four loci (blocks) representing each testicular pole. For each sta_ VII cross section (18), the number of Sertoli cells with a discernible nucleohs, and numbers of nuclei of A spermatogonia, preleptotene spermatooyt_, pachytene spmmatocytes, or step-7 spermatids were recorded. Diameters of two nucleoU of Sertoli cells and of two nuclei of each type of germ veil also were measun_ Concurrently, for each tissue fraction, appearance of_the seminfferous epithelium wB classified as normal or having minor, moderate, or severe degenerative changes. Counts of germ cells were corrected for differences ,in nuclear diameter and section thickness using a modification of Abercrombie's formula (6), and the resulting data were used to calculate numbers of germ cells per Sertoli cell or ratios among g_rm cell _es (2). In addition, 2-/zm sections were cut from mlected blocks (abnormal rats were excluded) and stained with toluidine blue for enumeration of nuclei of spermatogonia (type A or B spermatogonia)
and Sertoli cells in essentially round cross sections of stage VI seminiferous tubules. Tubules were staged on the basis of morphology of the spermatogonia (23), with verification of staging based on morphological features of spermatids (18) . Nuclei in every other section through one, or occasionally two, stage VI tubule were counted until 50 cross sections had been scored. Counts were corrected for nuclear diameter and section thickness, after which the mean value was divided by 2.5 to make the data comparable to those for stage VII tubules (sections were 2.0 rather than 0.8 gm thick).
Efficiency of sperm production. The number of homogenization-resistant spermatids per gram of testicular tissue, a measure of the efficiency of sperm production (1), was determined by modifying the procedure of Robb et al. {27). Briefly, frozen tissue was thawed, weighed (131-253 rag), and minced with two razor blades. The tissue was transferred quantitatively with 2.0 ml buffer (0.5 M Tris-HC1, 0.23 M sucrose, 5 mM MgCl_, and 4 mM NaN 3) into a 7-ml Dounce homogenizer and subjected to 10 strokes with pestle B followed by 10 strokes withpestle A. The h_mogenate was centrifuged (800 g for 10 mL,_)at 4°C. The supernatant was saved {see Leydig Cell Function), and the pellet was resuspended in 2 ml buffer and homogenized a second time. After centrifugation, the supernatant was added to the previous one, and the pellet was resuspended in 5-10 ml of 0.145 M NaC1 containing 4 mM NaN3 and 0.05% (vol/vol) Triton X-100 {27). The number of homogenization-resistant (elongated) spermatid nuclei in each suspension was determined by cytometer counts; data were expressed on a tissue wet-weight basis. The resulting values should provide a sensitive measure of the efficiency of spermatogenesis; but because the homogenization procedure is different from that pioneered by Robb et al. {27}, the absolute values are not comparable with those of others (2, 27) . Hybridization was detected by exposure of a Northern blot to Kodak X-ray film, with an intensifying screen, at -70°C for 1-14 d. Both autoradiograms of Northern blots and negatives of gels were digitized (256-point gray scale) and relative amounts of RNA estimated by video image analysis with a JAVA system (Jandel Scientific). An arbitrary standard scale was used to calibrate intensity, with a randomly selected area of background set at 0 and a randomly selected area of high density assigned a value of 100. Densitometry values represented the average intensity over the entire area of a band. To provide a correction factor for unequal sample loading within a gel, the value for the most intense rRNA band in a gel was divided by the value for the corresponding rRNA in each sample. This correction factor for relative amount of total RNA loaded for each sample was used to adjust inten-Leydig cells were initially sel_ at ×1,000 magni-fieation_'atwhich cytoplasmic 0rganelles could not be Usually three micrographs, prepared at X20,000 original magnification, were necessary to encompass each selected Leydig cell, and three Leydig cells on each grid were photographed. Thus 18-30 Leydig cells were examined per rat.
Prints were prepared (at ×2.75) so that all stereological determinations (7, 32, 37) were made on micrographs at a final magnification of ×55,000. Surface densities were determined for smooth endoplasmic reticulum (SER), rough endoplasmic reticulum (RER), outer mitochondrial membrane (OMM), and inner mitochondrial membrane (IMM). The 20 )< 25-cm stereologic overlay was of a multipurpose test system, containing 112 short test lines (each terminating as a line-end point) arrayed as 14 rows of 8 test lines each. The overlay was placed over a micrograph and used to determine the surface density of each organelle (32) by counting intersections of test lines on the overlay with membranes of the organ-
elles. Surface density (Sv) was calculated using the formula Sv = 4(I)/(PT)(d), in which ! is the number of intersections between test lines and organelle membrane, PT is the number of line-end points over cytoplasm of Leydig cells, and d is the length of the test line corrected for magnification.
Repeatability was established by reanalysis, several months later, of 50 micrographs each from the vivarium and flight groups (including both norreal and abnormal rats). For SER, OMM, and IMM, deviations from the first counts were 7, 4, and 8%. Thus it is probable that counting error was <10% for each organelle.
Leydig Cell Function
The pooled low-speed supernatants prepared from thawed testicular tissue (see Spermatogenesis)
were centrifuged at 20,000 g for 15 rain at 4°C. The supernatant was removed and testosterone concentration determined by radioimmunoassay.
Reagents for the liquid-phase assay, using _I-testosterone-tyrosine methyl ester as the ligand, were from ICN (Costa Mesa, CA). All samples were quantified in a single assay and the intra-assay coefficient of variation was 11%. The assay was validated for rat testicular tissue by demonstrating that I) increasing amounts of tissue extract displaced t25I-testosterone-TME in a dose-dependent manner parallel to the standard curve; 2) tissue extracts did not bind detectable amounts of t2sI-testosterone-TME in the range of dilutions used to assay testicular testosterone;
3) testoster- one added to extractswas recovered in an amount essentially equal to that added; and 4) values obtained for aliquots of samples subjectedto chromatography on Sephadex LH-20, to isolate testosterone from potentially cross-reacting compounds, were similar to values for nonchromatographic aliquots(r = 0.95;n = 10; slope = 1.1,and y-intercept= 0.05).
The capacity of membrane fragments in the 20,000 g pelletto bind human chorionic gonadotropin (hCG) was used to estimate the number of unoccupied receptors for rLH per gram of testicular tissue;presumably rLH receptors allwere on Leydig cells. A "standard curve" technique was used, because there was insufficient tissuefor a Scatchard analysisof each sample. A standard testicularmembrane preparation was prepared, as above, using testes from 10 Sprague-Dawley rats 90-120 days old;it must be assumed that affinity of the rLH receptorissimilarin American and Czechoslovakian rats.In developing the assay,the amount of hCG necessary to saturate rLH receptors in an aliquotof standard preparation oftesticularmembranes was determined. Duplicate aliquotsrepresenting 20 mg testiculartissuewere incubated in 12 × 75-mm tubes with 1.2,2.4,3.6,4.8,or 6.0 ng I_I-hCG, prepared from NIDDK hCG CR-127 by the chloramine-T procedure, in a totalof 350 #I buffer for 18 h at 25°C. Tubes were centrifuged 30 min at 9,000 g and the supernatant decanted; radioactivity of the pellet was determined. It was found ( Fig. 1 ) that 4.8 ng I_I-hCG was sufficient to saturate rLH receptorsin an extract representing 20 mg testiculartissue.To further validate the assay, aliquotsof 0, 5,10, 15,or 20 mg of standard membrane preparation (in 100 #I buffer),100 #I of 12_I-hCG solutioncontaining 6.0ng hCG, and 150/zlof buffer containing 0 or 100 IU (about a 1,000-foldexcess of hCG; Sigma CG-10) were mixed and incubated for 18 h at 25°C. Tubes were centrifugedand radioactivity was measured as above; the amount of *_I-hCG specifically bound was calculated as binding without excess ligand minus binding with excess ligand.Specificbinding was directlyproportionalto the mass oftesticular tissuepresent and increased in a linearmanner from 0 to 20 mg TESTIS FUNCTION 177S 
RESULTS AND DISCUSSION
General testicular function.
Mean testicular weight for rats in the vivarium group did not differ from those for either the flight or simulated-launch groups, but testis weight was greater (P < 0.05) for rats in the simulatedlaunch group than those in the flight or caudal-elevation groups (Table  1) . However, some rats in the flight and vivarium groups had small testes, and all rats in the cau- dal-elevation group had very small testes. The probable causes of these differences were revealed by subjective histological evaluations of each testis and attached epididymis (Fig. 3) , and confirmed by quantitative data.
One must assume that vivarium rats had not been exposed to stress factors associated with launch or flight and were the best representation of the population of rats shortly before launch. However, in three vivarium rats, one or both testes weighed <900 rag, and histological examinations of three of these four testes (only right testes were available) revealed that they were abnormal (see below). Similarly, right testes from two flight rats weighed <650 mg and had histological abnormalities similar to those in abnormal vivarium rats but different from those characteristic of caudal-elevation rats. Thus the cause of lesions in the testes of these two abnormal flight rats probably was the same as that inducing lesions found in three vivarium rats and was not flight. By this reasoning, three flight rats ( 7, 9, and I0) , five simulatedlaunch rats (6-I0), and two vivarium rats (7 and 10) did not have marked preexisting abnormalities; weights of their right testes ranged from 1,200 to 1,500 rag, whereas the right testes for the other five rats in these three groups weighed 450-900 rag. Thus we concluded that testes of some rats in the flight and vivarium and possi-blythecaudal-elevation groupshad been abnormal when they were assignedto treatment groups. By random chance,allratsin the simulated-launch group had norrealtestes.
Lesionsintestes ofratswitha preexisting abnormality were differen_ from those in caudal-elevation rats. On thebasisoftesticular weight, thelesion was unilateral in some ratswithpreexisting abnormalities; butforcaudalelevation ratsthe lesioninevitably was unilateral. For caudal-elevation rats, theentire testis was uniformlyaffected(basedon histological examinationsofboth poles and dataforefficiency ofsperm production inthecentral portionof the testis). Seminiferoustubulescontained onlySertoli cells plusa complement ofspermatogonia, a few primary spermatocytes, and occasional spermatids (Fig. 3,A and B) .In contrast, in an abnormal testis from a flight or vivariumrat,therewas a mixtureof normal and abnormal seminiferous tubules (Fig.3,D and E) ; and theextentof involvementwas notuniform throughout theentire testis. On thebasisof histological evaluations, testesfrom ratswith a preexisting abnormality should have been producingspermatozoa,althoughin reduced numbers. These subjective observations were confirmedby data forefficiency of sperm productionin thecentral portion of each testis (<0.5vs.22 × 10e sper- Distinction of preexisting testicular abnormalities from those induced by caudal elevation also was evident from content ofcauda epididymidis;
in caudal-elevation rats sloughed germ cells rather than spermatozoa predominated (C), whereas in rats with preexisting lesions there were few sloughed germ cells among spermatozoa in cauda epididymidis (F). Testicular tissue from flight rats without a preexisting testicular abnormality was normal in appearance (G) and stage VII seminiferous tubules (H) had normal ratios of germ cells to Sertoli cells (see text and ties had few immature germ ceils among the___ _mstor, _m _-_. (Fig. 3F) , which precluded extensive destruction of the _ _ __:_: r,_m w,. _" 106" seminiferous epithelium within 2 wk before tissue fixa-Sta_ gl se_rous tubule, tion. In flight rats without preexisting abnorm_ i_ _nia 5.79b spermatogenesis was normal (] Fig. 3, G and H) , and the _ _ ,s_ tubules cauda epididymidis was filled with spermatozoa (Fig. 31) .
groups (data not presented). In caudal-elevation rats, the T_ 2. C_zm_ter/st/cs of the r/g/st test/s/n rats epididymis contained numerous germ cells sloughed w/thoutpreez/st/ngabnorma//t/es/n the_, from the seminiferous epithelium (Fig. 3C), which were dmu/ated-/aundh_ and v/vat/urn indicative of recent dostruction of the
The high values for intratesticular concenWations of testosterone and receptors for rLH in _audal-elevation rats and rats with preexisting testicular abnormalities probably reflect atrophy of the seminiferous tubules so that Leydig cells constitute a larger proportion of the testis. However, it is possible that these rats had more Leydig cells or Leydig cells that secreted more testosterone.
Only tissues from rats 6-10 in each of the four treatment groups were available to us for detailed examination. However, it is likely that at least two of the other rats (F-3 and V-I) had abnormal testes before assignment to the project, based on testicular weight (<850 vs. 1,200-1,650 rag). Thus at least 7 of 30 rats (23%) in the flight, simulated-launch, and vivarium groups probably were abnormal before imposition of treatments involved in the COSMOS 2044 study.
Spermatogenesis.
Considering the facts that testes of several rats probably were abnormal before assignment to treatment, and that groups of five rats/group are of marginal size to detect subtle treatment effects (3), dogmatic conclusions concerning effects on spermatogenesis of exposure to the stress factors of simulated or actual launch and reentry, or exposure to microgravity per se, are impossible. Table 2 summarizes the data after exclusion of rats presumed to have preexisting testicular abnormalities and is considered the best basis for conclusions concerningeffects of flight. However, data folall ratsarepresentedin Table I becauseminor sequelaeon spermatogenesis of theunknown agent or genetic factor causingpreexisting abnormalities in some ratsmay have been undetectedinothers. Considering allrats, based on subjective evaluations (Fig. 3) and quantitative data(Ta-ble1),spermatogenesis in flight ratsgenerally was similarto thatin vivariumrats, but inferior to thatin simulated-launch rats. This probablyreflects thevariable impactof preexisting abnormalities incertain rats. Ifthere had been aprofoundtreatmenteffect, thecorrected numbersof germ cells perstageVIIseminiferous tubulecross section, or one or more of the ratios between a specific type of germ celland Sertoli cells, would have been reduced.Althoughsuch differences were detected between the flight and simulated-launch groupsforpreleptotene spermatocytesand step-7spermatids, therewas no difference forthe ratios. Because the ratio of preleptotene spermatocytes totypeA spermatogoniawas notreduced, spermatogoniawere completing mitosis. Ratios of pa-
Nucl_/tulmk cross section
Sertoll chytene spermatocytes to preleptotene spermatocytes and step-7 spermatids to pachytene spermatocytes were similar, so primary spermatocytes were completing meiosis. Thus the differences detected may not reflect a treatment effect.
At the penalty of reducing the number of available animals, data also were summarized after excluding the two flight and three vivarium rats with obvious preexisting abnormalities in the right testis ( Table 2 ). The reductions (P < 0.05) in weight of the right testis and seminiferous tubule diameter persisted in flight rats, as did differences in numbers of Sertoli cells or germ cells per seminiferous tubule cross section. However, as for the complete data set, the ratios of germ cells to Sertoli cells or among types of germ cells were not affected by treatment. The number of homogenization-resistant spermatids per gram of testis was not affected by treatment and was independent of testicular weight (r = -0.34; P > 0.05).
Counts of all spermatogonia in cross sections of stage VI tubules (by CS W) were consistent with those for type Rats with a testis <0.90 g and abnormal histological appearance were considered to have a preexisting abnormality. Data for corrected number of spermatogonia in 2.0-_m sections for stage VI were divided by 2.5 to make them comparable to those for 0.8-#m sections for stage VII. Means with the same superscript letter do not differ (P > 0.05). ? Data for testosterone in blood plasma are from Merrill et aL (21) .
A spermatogonia in stage VII (by DNRV). In stage VI one or a combination of other factors associated with cross sections, there were fewer (P < 0.05) spermato-flight. Availability oftesticularsamplufrom caudal-elegonia in testes from normal flightrats than in testes of vation rats,which became cryptozchid, enabled distincsimulated-launch or normal vivarium rats ( This might reflect a distortion of the semi- (Fig. 4, lanes 1-3) had more of l;_h_r_:-cell-_pecific 2.7niferous tubules induced by microgravity, which per-kb hsp70 and 3.2-kb hsp90 transcripts (mRNA) than sistedthrough the 11 h between landing and fxation of tissue. Although there isno known precedent, itispossible that there was a decrease in diameter and an offsetting increase inlength of seminiferous tubules (qualityof the material precluded determination ofpercentage seminiferoustubules,and hence tubule length),so that internal surface area of the basement membrane and space availablefor each Sertolicellwere essentially unaltered.
Such changes would explain the decreases in numbers of Sertolicellsand germ cellsper seminiferous tubule cross section,whereas the ratiosof germ cellswere normal and number of homogenization-resistant spermatids per gram of testiswas unaffected.
Given the totality of the qualitativeand quantitative findings (Tables 1 and 2) ,itisunlikelythat exposure to microgravity for _<2 wk had an immediate deleterious effecton mitosis of spermatogonia, survivalof spermatocytes through meiosis, or maturation of spermatids. If the Sertolicellsor germ cellswere affected directlyby microgravity, or indirectlyby reduced secretion of testosterone, other hormones, or regulatory factors,the lesion(s) must be eithersubtle or not discernibleafter 14 days of flight.
Gene expression. Yield of total RNA ranged from 39 to 600 _g and probably was a function of the mass of testicular tissue available.
The weight of each sample of testicu-!at tissue was not determined, because thawing the tissue before extraction might have resulted in degradation of the RNA. Efforts were made to load similar amounts of RNA (20 _g) on each lane of the gels used for Northern analyses, and data later were normalized within each gel to minimize the effect of differences in the amount of RNA loaded. Figures 4 and 5 show, respectively, samples of RNA from rats without (Fig. 4) or with (Fig. 5) preexisting abnormalities of the right testis. The expression of the hsp genes was given high priority in this study because several members of the hsp70 and hsp90 gene families are expressed in specific germ cells (see METHODS).
Thus they can serve as molecular markers
of the presence of these germ cells. Moreover, certain members of the hsp70 and hsp90 gene families respond to cellular stress and are affected by altered testicular environment, including elevated temperature. A stress response in testicular cells could be elicited by a rise in temperature induced by movement of the testes from the scrotum into the body cavity during exposure to microgravity or caudal elevation or could be elicited by flight or vivarium rats with preexisting abnormalities (Fig. 5, ia_les i and 2) or caudal-eleva_on rats (Fig. 4,  lane 4, and Fig. 5, lane 3) . Reductions of hsp70 and hsp90 transcripts in certain flight and vivarium rats reflected corresponding preexisting abnormalities in the seminiferous epithelium (Fig. 3) , including a reduction in the proportion of germ cells to somatic cells within the testis. In terms of surface density, Leydig cells in vivarium rats contained less (P < 0.05) SER and more (P < 0.05) RER and OMM than Leydig cells in rats from the other three groups ( Table 1) . Surface density of IMM did not differ among treatment groups. When data for the caudal-elevation and rats with preexistingabnormalities were deleted,the only significant differenceremaining among treatment groups was that for SER ( 
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of rats with preexisting abnormal testes.Considering only the normal rats,mean concentrations of testosterone in testicular tissueor blood plasma both were lower in flight rats than in eithersimulated-launch or vivarium rats ( Table 2 ).Thus itappears that testosteroneproduction was reduced in flightratsthat had been normal before the experiment but was similarin simulated-launch and vivarium rats without preexistingtesticularabnormalities.Values for concentration of receptors for rLH were similar for allthree of these groups ( Table 2) .
On the basis of data for 10 normal rats in the flight, simulated-launch, and vivarium groups, the correlation between intratesticular concentrations of testosterone and receptors for rLH (r = 0.19) was nonsignificant, although that between concentrations of testosterone in testicular tissueand inblood plasma was significant (r= 0.66).Surprisingly, the correlationbetween intratesticufar concentration of testosterone and surface density of smooth endoplasmic reticulum was negative (r = -0.62; P = 0.055),although typicallythe surfacearea of SER or peroxisomes ishighly and positivelycorrelatedwith testosterone secretingcapacity (7,20, 36, 37) .
Surface density of organelles (surface area per unit volume of Leydig cell)was determined in this study, rather than surface area per Leydig cellor per testis(7). This was done because differential shrinkage of tissue and artifactsassociated with imperfectly fixed tissue precluded enumeration of Leydig cellsper testis. Leydig cellsused to determine surface densityof organelleswere t m. 4. Expmon of _ stress-protein genesin :_tm4Uof rats. Total RNA was bolated from testes ofro_ 7,
• .o)_,lllmulated launch(/one 3), or caudalelevation (lone #).
for caudsl-elevatiun rat, in which induced l_ion precluded discernmeat of any prasxioting abnormality, rats were normal be@oretreatment. Total RNA was size fraetionated by gel electrophoreeis, stained with ethidium bromide, and photographed under ultraviolet (UV) light {,4). The 28-and 18-SrRNAa aredesi_ated. Hybridiza-tionoftheriP-labeled/_o70 (B)and hs/_0(C)probesto mRNA after transfer to membranes was detected by autoradiography. Relative amount of hybridization (D) was determined by densitometric analysis. LaneNumbers D frequently isused to simulate effectsof microgravity to study atrophy of muscle or loss of calcium from bone afterelimination of theirneed to support the animal, but italso resultsin tissuefluidshifts (13) .The present data confirm earlier data (6,29),in that both spermatogenesis and testosteronesecretionare abnormal in caudal-elevation rats.Two separate problems exist in ratsin which caudal-elevation is achieved by tailsuspension: I) the testesdescend into and remain in the abdominal cavity, and the resulting rise in intrates_iculartemperature causes destructionof the germinal epithelium;and 2) positioningthe testesat a levelequal to or above the heart alters blood flow to the testisand intratesticular fluid dynamics (probably affectingbalance among blood, interstitial fluid, lymph, and seminiferous tubule fluid) and reduces secretionof testosterone.
Separation of these two sources of damage, by studying caudal-elevation rats in which the testes were retained in the scrotum by a loose ligaturearound the inguinalcanal before suspension with a tailslingor alternatively(without surgery) by use of a whole-body harness (6),revealedthat concentrations of testosteroneintesticular interstitial fluid and in blood serum were abnormally low even in caudal-elevation ratswith intrascrotal testesand normal spermatogenesis. Maintenance of normal spermatogenesis in caudal-elevationratswith intrascrotaltestes, despite low testosteroneconcentrationsin interstitial fluidof _ 125 ng/ml (compared with 350 ng/ ml for control rats;Ref. 9),ispossiblebecause spermato-genesis proceeds normally iftestosterone is presentin testicular tissueat 20-25% of the normal intratesticular concentration (38).Thus, in caudal-elevation rats from the COSMOS 2044 project,collapseof spermatogenesis was primarily a consequence of elevated temperature, whereas the decreased blood plasma concentration of testosterone (0.5 vs. 1.9 ng/ml for normal rats) was a consequence of alteredfluidflow to and within the testis. As noted above, the measured intratesticular concentration of testosteroi_e probably remained near normal because the proportion of the testisoccupied by seminiferous tubules was greatly reduced. Regardless of whether a whole-body harness or a tail slingisused to provide caudal elevation,testosteroneproduction is decreased (6).However, the reduction of testosterone concentration in peripheral blood plasma of caudal-elevationratswas lessthan that fornormal flight ratsin the COSMOS 2044 study (0.51vs.0.23 ng/ml; 1.93 ng/ml in normal simulated-launch or vivarium rats). Thus the caudal-elevation model should not be rejected because testosterone production is reduced. Although the suppression of testosterone in caudal-elevation rats imperfectly mimics what may happen in microgravity, testosterone production is reduced in flight, so some sequelae of androgen deprivation might be detected using the caudal-elevation model. 
Effects
